We previously noted differences between neutrophil responses to unopsonized Candida albicans hyphae and responses to other particulate stimuli such as opsonized hyphae or zymosan; these differences include delayed rises in cytosolic calcium ([Ca2+] Hyphae of Candida albicans must be cleared from lesions for resolution of candidiasis and prevention of dissemination (14). Our previous data suggest that neutrophils play the major role in this response and indicate the necessity of the respiratory burst for generation of oxidants which are fungicidal for these large, uningestible mycelial forms (12, 13). This biologically significant respiratory burst response evoked by hyphae (12-14) is in a quantitative range (34, 35, 39) of meaningful superoxide responses elicited by diverse pathophysiologically consequential stimuli of other types, including, for example, bacteria (11), bacterial surface antigens (31), parasites (27), and opsonized erythrocytes (27 by other agonists as well (28, 32, 33, 35, 39) . A hypothetical model of neutrophil activation based on a large body of evidence obtained with the soluble chemotactic peptide fMet-Leu-Phe (fMLP) (6, 7, 23, 45, 46, 51, 52, 60) as well as with particulate opsonized zymosan (36, 41, 42) has been proposed. Interaction of these stimuli with specific receptors triggers an early rise in neutrophil cytosolic calcium, which, in turn, appears to act as a second messenger by triggering several key functions required for respiratory burst activation (18, 29, 30, 43-46, 52, 60). Though we noted that such a calcium response is elicited by both opsonized and unopsonized hyphae, the neutrophil response to the latter was significantly delayed (32, 34) . However, these late responses were not attributable to delayed attachment or spreading of neutrophils over hyphal surfaces (32). Moreover, these disparate temporal patterns of cytosolic calcium responses elicited by unopsonized hyphae were directly paralleled by corresponding increases in 1,4,5-inositol trisphosphate (39). Though unopsonized hyphae stimulated a rise in free cytosolic calcium and a respiratory burst (albeit a delayed one), they did so without causing the characteristic early depolarization of neutrophil membranes seen in response to fMLP or opsonized particulate stimuli (34). These data raise the possibility that unopsonized hyphae may elicit not only quantitatively different but also qualitatively different neutrophil responses from other stimuli.
23.3%, respectively; the latter exceeded absolute responses evoked by opsonized zymosan, a 12-foldmore-potent stimulus for unchelated cells). Simultaneous (Ca2)1 and (Ca2+)e chelation further decreased superoxide responses to opsonized zymosan and hyphae (99.4 and 90.4%, respectively) but not to unopsonized hyphae (26.7% inhibition). Though both ingestible (zymosan) and uningestible (hyphae) opsonized particulate stimuli elicited reduced but significant respiratory bursts without early [Ca21 i rises, the greater superoxide responses and sensitivity to chelation with opsonized zymosan suggest important differences in initiation and/or regulation of responses to these particulate stimuli. In contrast, the respiratory burst elicited by unopsonized hyphae appeared largely Ca2+ independent. If different events mediate neutrophil activation by opsonized and unopsonized hyphac, candidacidal activity in vivo may vary under divergent conditions with specific localized sites of infection.
Hyphae of Candida albicans must be cleared from lesions for resolution of candidiasis and prevention of dissemination (14) . Our previous data suggest that neutrophils play the major role in this response and indicate the necessity of the respiratory burst for generation of oxidants which are fungicidal for these large, uningestible mycelial forms (12, 13) . This biologically significant respiratory burst response evoked by hyphae (12) (13) (14) is in a quantitative range (34, 35, 39) of meaningful superoxide responses elicited by diverse pathophysiologically consequential stimuli of other types, including, for example, bacteria (11) , bacterial surface antigens (31) , parasites (27) , and opsonized erythrocytes (27) . Since neutrophils can kill both opsonized and unopsonized hyphae (12) (13) (14) , fungi presumably can be cleared from infected foci that either are inaccessible to antibodies or complement components or have a milieu favoring their inactivation (e.g., abscesses [53, 59] , cerebrospinal [24, 47, 62] or peritoneal [15, 58] fluid, renal cortex [3] , respiratory tract [19, 50] , or serum in severe sepsis [8] ). Thus, the specific mechanisms by which opsonized and unopsonized hyphae initiate the neutrophil respiratory burst may be of critical importance for host defenses responsible for control of candidiasis in vivo.
These considerations seem particularly significant since our previous data suggest that opsonized and unopsonized hyphae may activate divergent signal transduction pathways in neutrophils, pathways that may differ from those initiated * Corresponding author.
by other agonists as well (28, 32, 33, 35, 39) . A hypothetical model of neutrophil activation based on a large body of evidence obtained with the soluble chemotactic peptide fMet-Leu-Phe (fMLP) (6, 7, 23, 45, 46, 51, 52, 60) as well as with particulate opsonized zymosan (36, 41, 42) has been proposed. Interaction of these stimuli with specific receptors triggers an early rise in neutrophil cytosolic calcium, which, in turn, appears to act as a second messenger by triggering several key functions required for respiratory burst activation (18, 29, 30, 43-46, 52, 60) . Though we noted that such a calcium response is elicited by both opsonized and unopsonized hyphae, the neutrophil response to the latter was significantly delayed (32, 34) . However, these late responses were not attributable to delayed attachment or spreading of neutrophils over hyphal surfaces (32) . Moreover, these disparate temporal patterns of cytosolic calcium responses elicited by unopsonized hyphae were directly paralleled by corresponding increases in 1,4,5-inositol trisphosphate (39) . Though unopsonized hyphae stimulated a rise in free cytosolic calcium and a respiratory burst (albeit a delayed one), they did so without causing the characteristic early depolarization of neutrophil membranes seen in response to fMLP or opsonized particulate stimuli (34) . These data raise the possibility that unopsonized hyphae may elicit not only quantitatively different but also qualitatively different neutrophil responses from other stimuli.
Given these differences in patterns of early neutrophil responses, we studied the requirement for the early rise in cytosolic calcium in initiation of the respiratory burst. To do so, neutrophils were loaded simultaneously with the intra-cellular calcium probe indo-1 (22) and the organic calcium chelator 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA [55] ), in a concentration sufficient to completely eliminate both the cytosolic calcium rise and the respiratory burst responses to fMLP. While this also ablated cytosolic calcium responses to opsonized zymosan as well as to opsonized and unopsonized hyphae, the respiratory burst responses to all of the particulate stimuli remained significant. Respiratory burst responses to opsonized zymosan and hyphae were dramatically reduced, but the majority of the superoxide response to unopsonized hyphae was preserved. Simultaneous chelation of both intra-and extracellular calcium (with BAPIA and EGTA [ethylene glycol-bis(3-aminoethyl ether)-N,N,N',N'-tetraacetic acid]), which almost completely eliminated superoxide release elicited by the opsonized stimuli, caused only small reductions in the response to unopsonized hyphae.
MATERIALS AND METHODS
Reagents. Indo-1 acetoxymethyl ester (indo-1-AM) and BAPTA-AM (Molecular Probes, Junction City, Oreg.), phorbol myristate acetate, and fMLP (Sigma Chemical Co., St. Louis, Mo.) were diluted in dimethyl sulfoxide and stored at -70°C; reagent grade type VI horse ferricytochrome c, bovine erythrocyte superoxide dismutase, EGTA, Ficoll-Hypaque, and zymosan A were purchased from Sigma; dextran T500 was purchased from Pharmacia Fine Chemicals, Uppsala, Sweden; and RPMI 1640 medium and Hanks balanced salt solution (HBSS) were purchased from GIBCO Laboratories, Grand Island, N.Y.
Isolation of polymorphonuclear leukocytes. Heparinized venous blood from healthy volunteers was sedimented in 3% dextran, centrifuged on Ficoll-Hypaque, and subjected to hypotonic lysis of contaminating erythrocytes (4) . Complete HBSS and its modified calcium-and magnesium-free form (MHBSS), pH 7.4, were used as buffers. After separation, cells (97 to 100% neutrophils as determined by microscopic examination of sampled unstained cells) were suspended in MHBSS and stored on ice until use. Before incubation with fungi or other agonists, neutrophils were suspended in HBSS.
Preparation of particulate stimuli. A previously described clinical isolated of C. albicans was maintained as blastoconidia on modified Sabouraud dextrose agar and was germinated into hyphal forms as previously described (14) . Briefly, blastoconidia were subcultured for 48 h and then incubated in RPMI 1640 medium on a gyratory shaker for 4 h at 37°C. Hyphae were centrifuged at 2,000 x g for 10 min, suspended in HBSS, opsonized by incubation in pooled normal human serum for 30 min at 37°C, washed twice and suspended in HBSS, and kept on ice until use. Zymosan was suspended in 0.85% NaCl, boiled for 20 min, washed twice and suspended in phosphate-buffered saline at 20 mg/ml, opsonized as were the hyphae, washed twice and suspended in HBSS, and kept on ice until use.
Cytosolic calcium flux. Neutrophils were loaded with indo-1 in MHBSS by incubation for 30 min at 37°C with 1 ,uM cell permeant, indo-1-AM, which is hydrolyzed in the cytoplasm to the impermeant (trapped) form (22 (26) . After addition of 100 ,iM cytochrome c and stimuli (10-7 M fMLP, 100 ,ug of zymosan per ml, or 2 x 106 hyphae per ml) to neutrophils (2 x 106/ml) which were warmed to 37°C (total volume, 2 ml), reactions were allowed to proceed for 10 min at 37°C. The reactions were stopped by immediate immersion of reaction tubes in ice followed by centrifugation at 4°C. Supernatants were read at 550 nm (Perkin-Elmer spectrophotometer, model 576ST). Addition of catalase to incubation tubes (57) (Fig. 1A 1B through D). However, the production of superoxide anion elicited by serum-opsonized zymosan, though inhibited dramatically (96.7% compared with that of stimulated control neutrophils without chelator; P < 0.001), remained significantly greater than responses evoked by unstimulated controls or fMLP (P < 0.01). Responses to opsonized hyphae, though initially 12-fold lower than those stimulated by zymosan with unchelated neutrophils, were proportionally reduced to a far lesser degree with BAPTA-loaded neutrophils (by 61.5%), so that intracellular calcium chelation approximately equalized absolute responses to these ingestible and uningestible particulate stimuli (Table 1) . In contrast, superoxide generation evoked by unopsonized hyphae was not reduced significantly (by only 23.3%; P < 0.10 and P > 0.05), so that the residual respiratory burst exceeded. that elicited from BAPTA-loaded neutrophils by opsonized zymosan (P < 0.01) or hyphae (P < 0.001). As in our previous studies (28, 34, 39) , unopsonized zymosan, which neither attached to nor was ingested by neutrophils under the experimental conditions used, evoked no responses.
We next used cells stimulated in media containing 5 initiation of superoxide generation; however, by eliminating the influx of extracellular calcium, EGTA inhibits the secondary, more prolonged rise in free calcium ion required for an optimum, sustained respiratory burst response (5, 29, 30, 54) . In our hands, however, even a very brief exposure to EGTA just prior to addition of stimuli resulted in significant reductions in both early and late components of the calcium transients induced by opsonized and unopsonized hyphae (Fig. 2) , suggesting some depletion of intracellular calcium stores under these conditions. Despite this possibility, some superoxide generation was preserved in response to the opsonized particulate stimuli in the presence of EGTA, albeit at markedly decreased levels (70.5 and 50.0% inhibition of responses to opsonized zymosan and hyphae by unchelated control cells; P < 0.005 and P < 0.02, respectively). In contrast, EGTA had an insignificant effect on the respiratory burst elicited by unopsonized hyphae (3.3% reduction), even though neutrophil intracellular calcium stores may have been partially depleted. EGTA did not increase clumping of opsonized or unopsonized hyphae. Combined effects of intracellular and extracellular calcium chelation on superoxide production were then determined by loading neutrophils with BAPTA and suspending them in a calcium-free buffer containing 5 mM EGTA just before stimulation. Under these conditions, opsonized zymosan and hyphae elicited only marginal, almost insignificant respiratory burst responses (99.4 and 90.4% inhibition, respectively, of those by unchelated control neutrophils; P < 0.001 and P < 0.005). In contrast to this almost total elimination of respiratory burst responses to opsonized particulate stimuli, the major proportion of superoxide elicited by unopsonized hyphae was preserved under these conditions (only 26.7% inhibition of unchelated controls; P > 0.05 and P < 0.10). 
DISCUSSION
As we have previously established, the respiratory burst is essential for mediation of neutrophil fungicidal activity against C. albicans hyphae (12) (13) (14) . On the basis of the model of neutrophil activation derived from stimulation with the soluble chemotactic factor fMLP, substantial evidence suggests that a rise in cytosolic free calcium is necessary but not sufficient for initiation of the respiratory burst (1, 18, 25) . Likewise, results of our own work with particulate stimuli had been at least consistent with this postulated interdependence of the early calcium transient and other postactivation events, since opsonized zymosan, as well as opsonized or unopsonized C. albicans hyphae, evoked temporally related increases in cytosolic free calcium, 1,4,5-inositol trisphosphate, actin polymerization, and superoxide generation (28, 39) . However, we now report an active respiratory burst response by neutrophils activated with unopsonized C. albicans hyphae despite total ablation of any cytosolic calcium rise detectable with indo-1. Moreover, activation of the neutrophil respiratory burst by opsonized hyphae also appears partially independent of a discernible cytosolic free-calcium rise. These studies used neutrophils loaded intracellularly with both the fluorescent calcium probe indo-1 and the structurally related calcium chelator BAPTA. In addition to ease of intracellular loading by using its AM, BAPTA has several advantages as a calcium ion buffer compared with EGTA, including pH insensitivity of calcium ion affinity, speed of buffering, and the ability to readily monitor calcium ion binding by UV spectroscopy (55) . The concentration of BAPTA used eliminated any indo-1-detectable calcium rise elicited by hyphae, opsonized zymosan, or fMLP. Though fMLP and zymosan provoke respiratory burst responses which are an order of magnitude greater than those elicited by hyphae, the choice of these agents as comparative stimuli was dictated by their uniquely extensive use by multiple investigators in the definition of neutrophil activation mechanisms (1, 5-7, 17, 21, 23, 25, 26, 29, 30, 33, 34, 36, 40-42, 44-46, 48, 49, 54, 60) . In contrast to the situation with unopsonized hyphae, neutrophil superoxide production is totally or nearly completely inhibited upon INFECT. IMMUN.
on August 27, 2017 by guest http://iai.asm.org/ Downloaded from stimulation with fMLP or opsonized zymosan under these conditions. These data are consistent with reports by Lew and co-workers of blockade of fMLP-induced neutrophil superoxide generation by high concentrations of the intracellularly trapped fluorescent calcium indicator and chelator quin 2 (33) . As in the studies reported here, the respiratory burst response to phorbol myristate acetate, which stimulates neutrophils without eliciting a cytosolic calcium rise, proved to be insignificantly affected by intracellular calcium chelation (33) .
While the initial component of the calcium transient appears attributable entirely to redistribution from intracellular stores, evidence suggests that a secondary shoulder and final plateau of elevation represent influx of extracellular calcium (5) . We note here that chelation of calcium by the addition of EGTA to the extracellular milieu does not completely inhibit the respiratory burst of neutrophils activated by any of the particulate stimuli that we studied; however, the observed marked reduction by EGTA of superoxide production in response to opsonized zymosan or hyphae is in striking contrast to the total lack of effect of EGTA on respiratory burst activation by unopsonized hyphae. These data are consistent with reports suggesting that an extracellular calcium influx is not an absolute requirement for superoxide production but does contribute to optimal production of superoxide induced either by particulate stimuli such as zymosan (36) or by soluble stimuli such as fMLP, C5a, or concanavalin A (5, 17, 29, 30, 54 (35) . The precedent for stimulating the neutrophil respiratory burst without an antecedent calcium transient has been documented despite the large body of evidence linking these two responses (44, 46, 52) . Independence of these events has already been established for some stimuli that elicit cytosolic calcium rises, such as concanavalin A (61) and fluoride (10, 16) . Even in the case of neutrophil activation by fMLP, the magnitude of the respiratory burst response appears to exceed the amount solely attributable to the quantitative rise in cytosolic calcium concentration (49) . Moreover, in contrast to the previously cited evidence obtained by Lew et al. by using an organic intracellular calcium chelator (33), Grinstein and Furuya recently reported persistence of fMLP-induced superoxide generation despite incubation of electrically permeabilized neutrophils in EGTA-buffered medium containing only 100 nM free calcium (21) . Though a change in calcium thus is not required for elicitation of a respiratory burst by fMLP under these conditions, a minimum concentration of calcium does seem necessary, since superoxide release is ablated by total elimination of free calcium (21) . On the basis of these data, the authors postulated the existence of an alternative, calcium-independent signaling pathway for respiratory burst activation, consistent with our suggestion that opsonized and unopsonized hyphae may activate neutrophils via signaling pathways different from one another as well as different from those of other stimuli (28, 34, 35, 39) . Of course, this apparent calcium independence does not preclude the possible importance of small, localized cytosolic calcium rises in mediating neutrophil responses. Both the type and opsonization of particulate stimuli are known to affect the localization and distribution of increases in neutrophil cytosolic free calcium as well as the degree of superoxide production (42) . Different chelators also may have unequal patterns of distribution and potential reactivity with calcium ions within separate cellular compartments, possibly resulting in disparate effects (56) . Nevertheless, increases in free calcium ion concentrations may not necessarily be required, as calciumindependent activation of phospholipase C has been demonstrated in macrophages and platelets (2, 41, 43) , and intracytoplasmic conditions in neutrophils may alter enzyme affinity and requirements for calcium (38, 48) .
Irrespective of the specific mechanisms responsible, however, these data together support the existence of separately regulated pathways for initiation of the neutrophil respiratory burst response to different agonists. If this is indeed the case, it follows that specific pathophysiologic conditions might differ in their effects on neutrophil responses, depending on whether stimulating C. albicans hyphae are opsonized, since individual modulating-factor responses may have disparate effects on different signal transduction pathways. We have previously established that oxidant production is required for generation of neutrophil antihyphal effects (12) (13) (14) . These biologically meaningful respiratory burst responses evoked by hyphae (5.2 to 6.0 nmol of superoxide per 106 neutrophils per 10 min) are quantitatively similar to responses elicited by a wide array of potentially pathogenetically consequential stimuli, as follows (nanomoles of superoxide per 106 neutrophils per 10 min): bacteria (2 [11] ), bacterial cell wall components (2.3 [31] ), parasites (0.8 to 5.2 [27] ), or immunoglobulin-coated erythrocytes (2.6 [20] ). This necessity for oxidant generation in neutrophil antihyphal fungicidal activity (12) (13) (14) makes it critical to define and localize individual factors influencing the separate VOL. 57, 1989 on August 27, 2017 by guest http://iai.asm.org/ Downloaded from mechanisms by which these biologically different forms of Candida spp. initiate the respiratory burst.
